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INTRODUCTION 
, _  

To be proctlcal, any commerclal fuel cell system for use wlth natural gas must be competltlve 
wlth exlstlng power generation schemes. Under thls strlngent economlc Ilmitatlon, many potentlal 
fuel cell systems are eliminated. A review of the more common fuel cells (Table 1) summarlres the 
authors' estimate of these systems, based only on the crlterlon of economic feasiblllty for use In  the 
gas Industry. 

A t  the beglnnlng of 1963, a low-temperature fuel cell program was lnltlated at the lnstltute of 
Gas Technology to study the use of reformed natural gas and alr In acld fuel cells. Thls system, based 
on the use of Impure hydrogen, does not appear to have been extenslvely studled elsewhere. The 
followlng conslderatlons motlvated this course of study; 

1. Natural gas (methane) Is diff icult to react dlrectly at low temperatures 
In fuel cells. 

2. Hydrogen Is known to be a good tuel cell fuel at low temperatures. 

3. Natural gas Is an easlly reformed hydrocabon fuel. 

4. Reformed natural gas w l l l  contain about 80 mole percent hydrogen. 

5. An acid cell, In principle, does not requlre a hlgh-purlty hydrogen 

~. 

feed. 

The present paper Is concerned wlth that portlon of the IGT program devoted to the productlon 
from natural gas of a hydrogen-rlch feed which Is compattble wlth economic fuel cell operatlon. 

The oblectives set forth for the hydrogen generation system were dlctated by economlc as 
well as practlcal feasiblllty. The proiect was gulded by the followlng goals: 

1. Low-cost components. 

2. Maxlmum methane converslon. 

3. Minimum carbon monoxlde content. 

4. No movlng parts. 

5. Low system pressure drop. 
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The need for low-cost components with low pressure drop ellmlnated conventional palladium 31 
diffuser purlficatlon schemes. The Impracticability of having moving parts In small generators (deliver- 
ing 2- to 100-kilowatt fuel cells) eliminated scrubbing towers, often used in larger hydrogen 
purification processes. Maximum me!hane conversion i s  essential 
desirability of a low carbon monoxide concentration resulted from Information derived from the fuel 
cell portion of the program. Al l  of the above goals are based on the needs of on-site generatlon 
systems for use in the gas Industry. 

THE HYDROGEN GENERATION SYSTEM 

to obtain high efflctency. The 

To achieve the deslgn goals outlined above, a multi-stage process was necessary. The scheme 
studied was a three-stage process made up of the following steps: 

Reforming: CH4 + H 2 0  +3H2 + CO 

Shlfting: CO + H20  e C 0 2  + H2 (2 )  

Methanation: C O  + 3H24CH4 + H 2 0  

(1) 

(3) 

The overall process Is shown schematically In Figure 1. 

Methane Reforming 

Reaction (1) being well-known, i t  was the Intent of this study to establish operating parameters 
whlch might be useful in the constructlon of small hydrogen generators. Experiments were conducted 
in reactors capable of providlng power for a fuel cell system of a few hundred watts. Since most 
experlence with these reactions i s  wlth larger systems, I t  was felt that scaleup in this instance would 
be relatively straightforward. 

A steel reactor 1 inch i n  diameter and 18 inches long was fllled to a 4-Inch bed height with 
Girdler G-56B catalyst, which was reduced In sire to give a reactor diameter-to-particle size ratio of 
about 10:il The total pressure drop through the reactor at a space velocity of 1000 SCF per CU. ft. 
of catalyst per hour was only 1 inch of water. A steam-to-methane mole ratio of 3:l was chosen, and 
studies were made at space velocities of 500 and 1000 SCF per cu. ft. of catalyst per hour at a 
variety of temperatures. Effluent gas was analyzed chromatographically for carbon monoxide and meth- 
ane with a Fisher-Gulf partitioner using a charcoal column. The only other detectable carbon-contain- 
ing species present, carbon dioxidqwas determined from a mass balance. 

The results of these experiments (Figure 2) show that methane conversion was a strong function 
of space velocity with respect to the temperature required to achieve complete conversion, higher 
temperature being required for higher space velocitles. Far the space velocities studied, complete 
conversion was obtained at 80OOC. and above. The exit  gas carbon monoxide content was not a strong 
function of space velocity, and the effluent carbon monoxide concentratton at 800°C. was about 15 
mole %. At  the lower space velocity, experiments conducted at temperatures up to 1000°c. resulted 
in  a further increase in carbon monoxide concentration. Since the ultimate goal i s  a low carbon mon- 
oxide content in the fuel cell feed gas, operating at this high temperature i s  undesirable. Also, from 
a thermal efficiency standpoint the lowest posslble reforming temperature Is most desirable. Hqving 
established reasonable operating l im i t s  for the reforming stage, the effluent from the reformer was used 
as the input to the shlft reactor. 

Carbon Monoxide Shift' , 

Conventional shlft processes operatlng between 3OOo and 500%. requlre, to achieve a low car- 
bon monoxide content (3000 parts per million or less), the use of a carbon dloxide absorption stage, whlch 
i s  unwleldy for use In small systems. Recently work done by Moe E) indicated that reformed and shifted 
gases containing 2000 to 3000 parts per mllllon carbon monoxide could be achieved without carbon 
dloxlde removal i f  a low-temperature (175O to 300%.) shlft catalyst was used. This relatively new 
catalyst, Glrdler G-66, was placed In a reactor of 1-Inch diameter and 18-inch length, fil led to a bed 
helght of 8 Inches, and the shift reaction was studied wlth respect to temperature, space velocity, and 
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steam-to-as ratio. As In  the study of the reforming reaction, the carbon monoxide and methane con- 
tents of the effluent gas stream were analyzed chromatographically. 

The re;ults of thls study are shown i n  Flgures 3 and 4. In Flgure 3, the effects of space veloclty 
and temperature on the carbon monoxide content of the effluent gas are indicated. At the hlgher space 
velocity, 1000 SCF per cu. ft. of catalyst per hour, the desired reduction i n  the carbon monoxide 
content of the effluent gos could not be obtained. Experiments at  still higher space velocities, 2000 
SCF per cu. ft. of catalyst per hour, yielded much poorer results, not reported here. 
o space velocity of 500 SCF per cu. ft.of catalyst per hour, a minimum in the carbon monoxide 
concentration i s  seen to occur a t  obout 2670C. In Flgure 4, the strong effect of the steam content of 
the reacting mlxture on the effluent carbon monoxide concentration i s  indicated. A t  25ooC., a con- 

However, at 

tinuous reduction in the carbon monoxlde content isobtained as the steam-to-methane ratio i s  increased. 
The maxlmum ratio tested was 7.3:1, os this ratio readily yielded a carbon monoxide content which was 
known to be further reducible by methanation. Whether additional steam i s  deslroble wi l l  be decided 
later on the basis of the cost of the steam, a i  well as the fuel cell performance on impure hydrogen 
feed. 

Carbon Monoxide Methanation 

Reaction 3, methanatlon, posed the greatest challenge in the overall carbon monoxlde reduction 
process. The first attempts at achteving an effective reduction in the carbon monoxide content of a 
synthetic gas containing 80 mole % hydrogen, 19.7 mole % carbon dioxide, and 0.3 mole % carbon 
monoxide, using conventional methanation catalysis, were unsuccessful. Either of two events occurred. 
At very low temperatures no reactions occurred, while at higher temperatures the water gos shift was 
promoted along with methanatlon and at best only a slight decrease, and In  some cows an actual In- 
crease, In carbon monoxide was observed. 

The problem was to find a catalyst which would permit selective methanation of carbon monoxlde 
in the presence of carbon dioxide, under condltions in which the latter Is present i n  concentratlonr two 
orders of magnltude greater than the former. The need for selectlve methanation Is twofold. If appre- 
ciable amounts of the carbon dioxide react, the exothermic nature of the reaction almost ensures a 
complete loss of temperature control in the system. As the temperature rises, mare carbon dioxide Is 
methanated and large amounts of hydrogen ore consumed. In the limiting case, all of the hydrogen 
and carbon dioxide could react to form methane. Equilibrium calculations clearly lndlcated the desir- 
abil ity of low-tempeiature operation, although even under these condltions the sought-after reduction 
dld not appear achievable. 

Using the above-mentloned gas compos1 tion, experlments were conducted with a ruthenlum-on- 
alumina catalyst obtalned from Englehard Industries, Inc. The effluent gas composltlon was analyzed 
wlth the afore-mentioned chromatograph and a Mine Safety Appliances Co. Lira infrared analyzer. 
With the infrared analyzer, carbon monoxlde was determined with an accuracy of about 10 parts per 
million. Again, a variety of parameters were studied, Including excess water, and the results are 
shown In Figures 5 and 6. The excess water tests were made to ascertaln at what stage In the hydrogen 
generation system i t  would be most favorable to remove water. 

In Flgure 5, the carbon monoxide content of the exit gas Is seen as a function of temperature 
for the case of 2 male % water vapor i n  the feed. Dlstinct mlnlmums in  carban monoxlde content - 
about 100 parts per mllllon, dependent on space veloclty and temperature -are seen. It Is interesting 
that, for Increasing space velocity, the same mintmum carbon monoxlde content i s  obtalned, but at 
higher temperatures. In Figure 6, the some parameters are studied wlth a feed gas contalnlng 15% water 
vapor. Again, the same minimum carbon monoxide concentration i s  obtained, but at slightly higher 
temperatures. It was also observed that, in the range of mlnlmurn carbon monoxlde content, no apprecl- 
able conversion of carbon dlaxlde to methane occurred! hence, the reactlon can be cansldered htghly 
selective. The carban monoxlde reductlon process Is summarlzed in Flgure 7. 



Complete Hydrogen Generation System 33 1 

After completing the experimental work on the reactions described above, reforming, shift, and 
methanation reactors were connected in series, and the complete system was analyzed. A natural gas 
containing about 95% methane and 5% higher hydrocarbons was passed through a sulfur removal 
cartrldge and fed to the flrst reactor stage, where i t  was reformed in  the presence of excess steam (stem- 
to-gas mole ratio of 7.3:l) at a space velocity of 250 SCF per cu. ft. of catalyst per hour at 80Ooc. 
The effluent from this reactor was fed to the shift reactor operating at a space velocity of 500 SCF per 
cu. ft. of catalyst per hour at 27OoC. The effluent from this stage was fed to a condenser where a por- 
tion of the excess water was removed, and the remalning gas mixture was fed to the methanatlon reactor 
operated at a space velocity of 1000 SCF per CU. ft. of catalyst per hour and at a temperature of 190°C. 
The total system pressure drop was 4 inches of water column. The product gas was analyzed to be 78 mole 
% hydrogen, 19.7 mole % carbon dioxide, 0.3 mole % methane, 2 mole % water, and 8 pats per 
million carbon monoxide. The carbon monoxide was analyzed on a special MSA Lira infrared analyzer 
with a sensitivlty of 2 parts per million. 

The tenfold improvement i n  performance compared with the previous experiment i s  not readily 
explainable. Some improvement hud been antlcipoted on the basis that the original methanation 
experiments were performed with a feed gas containing about 3400 parts per milllon carbon monoxide, 
while the actual shift reaction reduced that concentration by almost a factor of 2. Experiments are 
belng continued to study further the effects of steam-to-methane ratio, space velocity, and catalyst 
life. Experimental evidence from the fuel cell portion of  the program indicates that the above- 
mentloned carbon monoxide content can be readily tolerated by the hydrogen electrode. 

EFFICIENCY AND ECONOMICS 

One of the most attractive features of fuel cells i s  their potentially hlgh efficiency. When m 
oddltlonal processing stage,such as the one just described, Is added to the fuel cell system, a reductlan 
in overall efficiency may be anticipated. To place the external reformer-fuel cell system in  the proper 
perspective, estimates of the overall system efflclencies have been made, based on several fuel cell 
and reforming parameters. 

Two models have been chosen for evaluation, and these are shown schematically I n  Figure 8. 
In both schemes, i t  Is assumed that the heat required to sustain the reforming reaction i s  supplied from 
an external burner (i.e., there i s  no partlal combustion in  the reformer). Also, both schemes assume 
single-pass conversion in the fuel cell. 

The two schemes choseh for analysis differ only In the effect of.recovery of the heat value of 
recycled spent fuel from the fuel cell. The following parameters have been deflned: 

VO - overall efficlency, electrical energy output based on the heat of combustion of 
the total amount of methane consumed 

VV - voltage efficiency, fraction of the theoretical fuel cell potential actually obtained 

Vc - conversion efficiency, fractlan of the fuel converted in  the fuel cell 

'IR - reactor thermal efficlency, total reformer heat requirement, based on the as- 
sumption of nonideal insulation 

''k - heat exchanger efficiency, fraction of  heat recovered In  heat exchangers 

A partlal summary of the results of these calculations i s  shown In Figures 9 and 10. In Figure 9, 
a case where reactor thermal efficlency i s  80% was analyzed far the no-recycle system. A number of 
arbitrary conversions and voltage effislencles were chosen as parameters, and the overall system effl- 
ciency was calculated as a function of heat exchanger efficiency. A typical l-kl lowatt fuel cell 
system using impure hydrogen feed mlght be expected to operate in  the grey zone shown in Flgwe 9. 
An overall system efflclency range of from 21.5% to 32.5% can be reallrtlcally antlclpoted. F a  the 
case of a pure hydrogen cell, a samewhat higher converslon efficlency and voltcge effictency might be 
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anticipated, and a total system efficiency of 400/0 Is most likely. In Flgure IO, using the same para- 
meters for the recycle schemes two chmacteristlcs are seen. First, the overall system efficlency IS 
less dependent on conversion efficiency because of the utlllzatlon of the heating value of the spent 
f u e l .  Second, a cutoff point is seen a t  hlgh heat exchange efflclency and the lowest chosen conversion 
efficiency. This point indlcates the case where the hydrogen generation system can be operated solely 
on the spent fuel from the fuel cell. With the same range of heat exchanger efflclency as In the no- 
recycle case, an overall efflclency between 26.5% and 35.5% appears likely. 

A more complete analysis of low-temperature f u e l  cell systems with external reformlng places 
the parameters studied in the following order of importance wlth respect to overall efficiency in a 
recycle system operating below the cutoff point: 1) voltage efficiency, 2) reactor thermal efficiency, 
3) heat exchange efficiency, and 4) conversion efficlency. 

1 The complete economics of the present hydrogen generation system wlll not be known until mme 
hardware is developed. Present estlmates, based on the fuel requirements of the fuel cells under study 
and the catalysts and conditions described In this paper, indicate the cost of catalysts in the IGT hy- 
drogen generation system would be less than 5 cents per watt. I 
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Table 1.-STATUS O F  FUEL CELLS FOR USE IN GAS 
INDUSTRY APPLICATIONS 

Type of 
Fuel Cell 

Low-Temperature Alkaline 

Low-Temperature Alkaline 

Direct ( 2 5" - 250' C.) 

Indirect (25' -250'C.) 

Low- T emperature Acid 
Direct ( 25'-200° C.) 

Low- T emperatur e Acid 
Indirect (25'-90'C.) 

High-Temperature Molten 
Salt (450'-8OO0C.) 

High-Temperature Solid 
Oxide (1000'-lZOO°C.) 

Present  
Pr incipal  
Drawback 

Potential Gas 
Industry 

AppkcatiQos 

Electrolyte Incompatible Poor  

Cost and Technical Draw- Fair 
with Methane 

backs of Ultra-Pure Hy- 
drogen Production 

Cel l  Catalyeta and Com- 
ponents 

Very High Cost of Fuel  Fair 

High Cost of Fuel  Cel l  
Components 

Good 

Operating Lifetime Good 

I 

Operating Lifetime Good 
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Fig. 3.-CARBON MONOXIDE CONVERSION 
IN SHIFT REACTOR 

Fig. 4 . - E F F E C T  O F  STEAM-NATURAL GAS RATIO 
ON THE SHIFT REACTION 
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Fig .  9 . - E F F E C T  O F  F U E L  C E L L - A N D  HYDROGEN GENERATOR 
PARAMETERS ON SYSTEM EFFICIENCY 

CASE I - NO R E C Y C L E  

HEAT EXCHANGE EFFICIENCY, r l~ ,  O/o 

Fig. 1 0 . - E F F E C T  O F  FUEL C E L L  AND HYDROGEN GENERATOR 
PARAMETERS ON SYSTEM EFFICIENCY 

CASE 11 - R E C Y C L E  


